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Abstract. We have developed a fully kinetic electromagnetic
model to study instabilities and waves in planetary plasma
environments. In the particle-in-a-cell (PIC) model both ions
and electrons are modeled as particles. An important feature
of the developed global kinetic model, called HYB-em, com-
paredtootherelectromagneticcodesisthatitisbuiltuponan
earlier quasi-neutral hybrid simulation platform called HYB
and that it can be used in conjunction with earlier hybrid
models. The HYB models have been used during the past ten
years to study globally the ﬂowing plasma interaction with
various Solar System objects: Mercury, Venus, the Moon,
Mars, Saturnian moon Titan and asteroids. The new stand-
alone fully kinetic model enables us to (1) study the stabil-
ity of various planetary plasma regions in three-dimensional
space, (2) analyze the propagation of waves in a plasma envi-
ronment derived from the other global HYB models. All par-
ticle processes in a multi-ion plasma which are implemented
on the HYB platform (e.g. ion-neutral-collisions, chemical
processes, particle loss and production processes) are also
automatically included in HYB-em model.
In this brief report we study the developed approach by
analyzing the propagation of high frequency electromagnetic
waves in non-magnetized plasma in two cases: We study (1)
expansion of a spherical wave generated from a point source
and (2) propagation of a plane wave in plasma. The analy-
sis shows that the HYB-em model is capable of describing
these space plasma situations successfully. The analysis also
suggests the potential of the developed model to study both
high density-high magnetic ﬁeld plasma environments, such
as Mercury, and low density-low magnetic ﬁeld plasma envi-
ronments, such as Venus and Mars.
Keywords. Magnetospheric physics (Planetary magneto-
spheres)
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1 Introduction
Space plasmas contain physical processes in a wide range
of spatial and temporal scales. Local instabilities which re-
sult from global changes of the planetary plasma environ-
ments are an example of how small space scale and fast time
scale processes can be linked to large scale-slow processes.
Reconnection in planetary magnetospheres is an important
example of instability in the Solar System. Another exam-
ple is provided by electromagnetic waves, which occur at
diverse spatial and temporal scales in planetary plasma en-
vironments.
Space born instruments have opened new opportunities to
study instabilities and wave phenomena in the Solar System
near the Earth-like planets Mercury, Venus and Mars. Elec-
tric ﬁeld measurements made by Phobos-2 at Mars in early
1989demonstratedthattheplasmaaroundtheredplanetcon-
tains wide range of wavelengths (e.g., Trotignon et al., 1991,
1996). Later low frequency waves at Mars were studied by
using magnetometer data from Mars Global Surveyor (MGS)
mission (Espley et al., 2004). The research of temporal phe-
nomena at Mars was continued by using electron observa-
tions (Winningham et al., 2006) and energetic neutral atom
measurements (Grigoriev et al., 2007) on the ongoing Mars
Express (MEX) mission.
The measurements of the radio wave instrument on MEX,
MARSIS, has also provided unique data from the Martian
ionosphere (e.g., Nielsen et al., 2007) and the local plasma
density (e.g., Duru et al., 2008) in addition to its measure-
ments on the water content of the Martian crust. Electro-
magnetic waves (em-waves) carry energy and play therefore
a role in the oxygen escape processes at Mars (Ergun et
al., 2006) and in the Martian tail (e.g., Kallio et al., 1995).
Another issue of special scientiﬁc interest is the lightning
in planetary atmospheres which have been studied at Venus
(Russell et al., 2007). A varying electric ﬁeld has in contrast
notyetbeenmeasuredatMercuryanditwillnotbemeasured
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by the MESSENGER mission which, after the Mercury ﬂy-
bys, starts making measurements at Mercury in 2011. The
BepiColombo mission will however start a new phase when
its MEFISTO instrument (Blomberg et al., 2006) begins to
measure the Hermean wave environment around 2019.
The analysis of spatial scales from less than a meter to
thousands of kilometers and time scales from less than a sec-
ond to hours can not be performed by a single model. In
planetary plasma physics, global scales are commonly mod-
eled by magnetohydrodynamic (MHD) models and to lesser
extent by hybrid models which have recently received an in-
creasing amount of interest (see e.g. Brain et al., 2010). In a
hybrid model ions are modeled as particles and electrons as a
ﬂuid. In a fully kinetic model also the electrons are modeled
as particles and this approach has also been used in global
magnetospheric research (see e.g., Nishikawa, 2001, and ref-
erences therein.)
In this manuscript we describe a fully kinetic electromag-
netic model, called HYB-em, which purpose is to model in-
stabilities and electromagnetic waves in planetary plasma en-
vironments. The model is from a technical point of view
largely based on an earlier three-dimensional (3-D) self-
consistent plasma modeling platform, called HYB, which
has been used to study how the solar wind plasma inter-
acts with various Solar System objects: Mercury (HYB-
Mercury), Venus (HYB-Venus), The Moon, (HYB-Moon),
Mars (HYB-Mars), Saturnian moon Titan (HYB-Titan) and
asteroids (HYB-Ceres). This enables us to study instabilities
and waves in 3-D space where the initial plasma and ﬁelds
are derived by a global high resolution hybrid model. In-
corporating the electromagnetic wave algorithm in the HYB
platform enables us to study such processes in temporal and
spatial scales which can not be tackled by the previous HYB
models.
The difference between the HYB-em model and the other
HYB models is from a physical point fundamental. HYB-
em model is a fully kinetic model while the other HYB mod-
els use a hybrid approach where electrons are modeled as
a ﬂuid. Consequently, HYB-em includes physics which is
not included in the previous HYB models. The new model
is therefore anticipated to include a rich variety of physical
processes which take place at various Solar System objects,
some of them not having atmospheres and where a direct
plasma-surface interaction takes place (Mercury, the Moon,
asteroids) and some of them having atmospheres and iono-
spheres (e.g. Venus, Mars, Titan).
To put the developed code into a historical perspective
one may note that fully kinetic electromagnetic models
based on e.g. the TRISTAN code (Buneman et al., 1980)
have been used, for example, in terrestrial magnetospheric
physics (e.g., Nishikawa, 2001), plasma instability studies
(e.g., Sakai et al., 1998) and studies of collisionless shocks
(e.g., Spitkovsky, 2008) while the KEMPO (Kyoto Uni-
versity Electromagnetic Particle Code) code has been stud-
ied, for example, electromagnetic and electrostatic waves in
space plasmas (e.g., Matsumoto and Saito, 1984) and beam-
plasma interaction (e.g., Umeda, 2010). This brief paper de-
scribes instead, initial efforts to develop a fully kinetic HYB-
em model to expand the usage of the fully kinetic electro-
magnetic approach to study other terrestrial planets.
This initial brief report on the model is organized as fol-
lows. First, basic characteristic of the HYB-em model are
described emphasizing its similarities and differences with
the HYB-object model. Then two examples are presented in
which the properties of the new model are studied: (1) ex-
panding spherical wave generated by a point like source and
(2) propagation of a plane wave in a non-magnetized plasma.
Finally, advantages and limitations of the developed model
are discussed.
2 Description of the HYB-em model
HYB-em is from the technical point of view a modiﬁed ver-
sion of the previous self-consistent HYB models which give
global plasma and magnetic ﬁeld values around an object in
a plasma ﬂow. The ﬂowing plasma can either be solar wind
plasma (Mercury, Venus, the Moon, Mars, asteroids) or mag-
netospheric plasma (Titan in Saturn’s magnetic ﬁeld).
The HYB platform can be used to study both high density-
high magnetic ﬁeld plasma environments, such as Mercury,
and low density-low magnetic ﬁeld plasma environments,
such as Mars and Venus. All these three terrestrial planets
are scientiﬁc objectives for the HYB models. Two examples
of the solution based on the previous hybrid HYB models
are shown in Fig. 1: Mercury and Mars. The HYB model is
described in detail elsewhere (e.g. see Kallio and Janhunen,
2003, for details of the HYB-Mercury model and Kallio et
al., 2010, for the HYB-Mars model). In this paper we only
summarize the basic properties of the HYB-em model and
how it differs from the HYB-object model.
2.1 The HYB-em model
The HYB-em model is a Particle-in-Cell (PIC) simulation,
similarly as the other HYB models.
In a PIC model particles are modeled as a ﬁnite volume
cloudswhereastheelectricandmagneticﬁeldsaresavedand
propagated on cells in a grid. Particle clouds are accumulated
into the cells and, consequently, every grid cell contains the
charge density and the bulk velocity of all particle species
in the simulation. In the HYB-em model analyzed in this pa-
per, particles (ions and electrons) are modelled as cube shape
“clouds” with homogenous charge density and the same size
as the grid cell of volume 1V. A macroparticle gives a con-
tribution to all cells that it overlaps. In the volume-weighting
scheme the charge assignment is performed as follows: if
1V
j
p (rk) is the volume of a particle j of a type p of a weight
w
j
p which overlaps a grid cell at the point r=rk of a volume
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Fig. 1. Planetary plasma environments in the HYB model: (a) Mercury based on the HYB-Mercury model and (b) Mars based on the
HYB-Mars model. The colors in the y=0 and z=0 planes gives the density of the solar wind protons in cm−3. The radius of Mercury in
panel (a) is 2440km and Mars in (b) is 3393km. In the ﬁgure the solar wind is ﬂowing from left to right and it forms a bow shock around
the planets. These plasma parameters from HYB models can automatically be used as input parameters in the HYB-em model.
1V, then the grid cell contains
1w
j
p(rk)=w
j
p1V
j
p (rk)/1V. (1)
particles due to the macroparticle j. The particle density, np,
and the particle bulk velocity, Up, are determined in a grid
cell by the equations
np(rk) =
P
j1w
j
p(rk)
1V
(2)
Up(rk) =
P
j1w
j
p(rk)v
j
p
P
j1w
j
p(rk)
. (3)
Here the sum j is over all particles, that overlap the grid cell
under consideration and that are of type p, where the type
stands either for an electron or a species of ion. 1V is the
volume of the grid cell and v
j
p is the velocity of the macropar-
ticle j of type p.
The magnetic ﬁeld, B, is propagated in HYB-em and the
other HYB models using Faraday’s law and the electric ﬁeld
E:
∂B/∂t =−∇×E (4)
The propagation of B is performed in all HYB models by
using a staggered Yee type grid, where the magnetic ﬁeld is
saved on the cell faces. This method keeps the divergence of
the magnetic ﬁeld at zero when the initial magnetic ﬁeld was
divergence free, that is,
∇·B =0 (5)
is fulﬁlled automatically in all HYB models.
In the HYB-em model the electric ﬁeld is a dynamic vari-
able in a similar way as the magnetic ﬁeld. The E-ﬁeld is
an independent variable and its value is saved on the cell
edges. The E- and B-ﬁelds are thus organized in a Yee type
grid. The E-ﬁeld is propagated using Amp` ere-Maxwell’s law
which contains the displacement current term, µoεo∂E/∂t:
∂E/∂t =∇×B/εoµo−j/εo (6)
Here j, εo and µo are the electric current, the electric per-
mittivity and the magnetic permeability. The electric current
in Eq. (6) is derived from macroscopic plasma parameters:
j=
X
i
(qiniUi)−eneUe (7)
where Ue, ne and e are the bulk velocity of the elec-
trons, the density of the electrons and the elementary charge
(1.6×10−19 C). In Eq. (7) the sum is over all ion species i
which particle density, bulk velocity and electric charge is
ni, Ui and qi, respectively. As already noted, in the HYB-em
model both ions and electrons are modeled as particle clouds.
The densities and bulk velocities needed to derive the elec-
tric current in Eq. (7) is obtained by accumulating particle
clouds to the grid cells according to Eqs. (2) and (3). Note
that Eq. (6) is similar to Eq. (4) with an exception of j/µo
term. For example, in vacuum, j is zero and the relation be-
tween E and B in Eq. (6) is similar to the relation between
B and E in Eq. (4).
In the HYB-em model the propagation of B and E in
Eqs. (4) and (6) is performed by a contour path (CP) method
(see e.g., Jurgens et al., 1992). The method by which
Maxwell’s four equations are solved is a Finite-Difference
Time-Domain (FDTD) (see e.g., Taﬂove and Brodwin, 1975)
method combined with particle propagation.
An important feature in the HYB-em model is that one
does not need to solve Maxwell’s ﬁrst equation, Gauss’s law
∇·E =ρ/εo (8)
www.ann-geophys.net/28/743/2010/ Ann. Geophys., 28, 743–751, 2010746 V. Pohjola and E. Kallio: Fully kinetic model for planetary plasma simulations
where ρ is the total charge density. In the HYB-em model
Gauss’s law is fulﬁlled if it is fulﬁlled initially and if the
equation of continuity
∇·j=−∂ρ/∂t (9)
is satisﬁed. This conclusion can be obtained by taking diver-
gence from Eq. (6) and by then using the equation of conti-
nuity, Eq. (9), which gives
∂(∇·E−ρ/εo)/∂t =0 (10)
Equation (10) shows that Gauss’s law is satisﬁed during the
run if it holds initially and if the simulation conserves charge.
The accuracy of the method relies therefore on how accu-
rately the charge density and current density obeys Eq. (9).
As already mentioned, in this paper we use the volume
weighted charge and electric current accumulation scheme
as in the previous HYB models. More accurate particle accu-
mulation algorithms exist (see e.g. Villasenor and Buneman,
1992, or Umeda et al., 2003) and they will be tested in the
HYB-em in the future.
Finally, the particles in the HYB-em model are accelerated
by the Lorentz force:
midvi/dt = qi(E−vi ×B) (11a)
medve/dt = −e(E−ve×B) (11b)
Here mi, vi, me and ve are the mass of ion species i, the
velocity of ion of species i, the mass of electron and the ve-
locity of an electron, respectively.
2.2 The HYB-em model versus a hybrid model
It is illustrative to look in more detail in how HYB-em differs
from the previous HYB models. The magnetic ﬁeld is ﬁrstly
the only propagated ﬁeld variable in the previous HYB mod-
els and it is propagated by Faraday’s law (Eq. 4) using a CP
method in a similar way as in HYB-em.
The electric ﬁeld is secondly derived in the previous HYB
modelsfromtheelectronﬂuidmomentumequationbyadopt-
ing a massless electron approximation:
E =−Ue×B−∇pe/(nee) (12)
Here pe is the electron pressure which is commonly de-
rived by assuming that the electron plasma is isothermal
(i.e. Te=const.) or assuming adiabatic electron plasma
(pe/n
γ
e =const. where γ is the adiabatic constant). The ion
number density, ni and bulk velocity, Ui are derived in a
similar way in HYB-em as in the other HYB models from
Eqs. (2) and (3). The electron number density, ne and bulk
velocity Ue are, however, obtained differently. This is be-
cause electrons are modeled as a ﬂuid and not as particles
in the earlier HYB models. The electron density is derived
in the other HYB models from the ion charge densities by
assuming quasi-neutrality
ne =
X
i
(qini)/e (13)
that is, the electron charge density is assumed to be equal
to the total charge density of ions. The electron bulk veloc-
ity, Ue, is derived from the deﬁnition of the electric current
(Eq. 7) where j in turn is derived from the magnetic ﬁeld by
using Amp` ere-Maxwell’s law without the displacement cur-
rent:
j=∇×B/µo (14)
WhenEqs.(13)and(14)arecombinedwithEq.(12)theelec-
tric ﬁeld gets the form
E = −
X
i
(qiniUi)×B/(nee)+(∇×B)×B/(µonee)
−∇pe/(nee) (15)
Equation (15) implies that E can be derived from the macro-
scopic parameters of the ions and the magnetic ﬁeld. The
electric ﬁeld is therefore not an independent variable in the
HYB-object model. Finally, the ions are propagated using
the Lorentz force (Eq. 11a).
It is important to note that HYB-em is a stand-alone
model. However, the main advantage of building HYB-em
onthesameplatformasthepreviousHYBsimulationscomes
from the fact that the initial plasma and ﬁeld values corre-
sponding to self-consistent stationary or non-stationary solu-
tions from the earlier models are automatically available as
initial conditions to HYB-em. The role of the initial con-
ditions is crucial as the above discussions of the validity
of Gauss’s law shows. The initial conditions must be self-
consistent for the simulation to produce correct results. It is
therefore natural to use HYB-em with the earlier HYB mod-
els. An obvious way to use HYB-em in conjunction with
an earlier HYB model is to choose initial plasma and ﬁeld
values from a stationary or non-stationary solution and to
study possible generation of instabilities, associated waves
and their propagation in 3-D plasma. Initial parameters, de-
scribing both stationary and non-stationary initial conditions
can, of course, also be obtained from other models or from
observations.
3 Electromagnetic waves
In this section we study the applicability of the developed
model by analyzing two examples of the propagation of elec-
tromagnetic waves. The examples, namely (1) an oscillat-
ing 3-D point source and (2) an oscillating 1-D plane source,
were chosen because the numerical solutions can be com-
pared with analytical solutions which give at least the ﬁrst
order solution for the analyzed problems.
In all presented runs the time step, dt, is 1×10−5 s and the
frequency of the oscillating source, fsource, is 1.5kHz. These
parameters imply that the wave length of the em-wave in vac-
uum, λvacuum (=c/fsource, where c is the speed of the light in
a vacuum), is 200km. In all runs the magnetic ﬁeld, the elec-
tric ﬁeld and the bulk velocities are initially zero. Moreover,
in all presented runs the grid size, dx, was 10km.
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Fig. 2. A 3-D spherical wave in the HYB-em model. The run includes an oscillating point source in a vacuum located at the center of the
ﬁgure. The source generates a sinusoidal electric ﬁeld with a frequency of 1.5kHz. The white lines and the yellow lines are the electric and
the magnetic ﬁeld lines, respectively, which are added to illustrate the electromagnetic ﬁeld in 3-D. The horizontal axis and the vertical axis
are the x- and the z-axis, respectively. The size of the box is −500km<x,y,z<500km. Note that the vantage point is slightly (10 deg.)
below the z=0 plane in order to see the circular B-lines about the z-axis.
3.1 Oscillating point source
In the ﬁrst run an oscillating point like source is placed into
the vacuum. The size of the simulation box is −500km<
x,y,z<500km and the source was positioned at the center
of the box. The electric ﬁeld at the point source is varied
manually as
E(t)=(Ex,Ey,Ez)=E×(0,0,sin(2π(t/T))) (16)
from the beginning of the simulation at t=0s. Here E is the
amplitude of the electric ﬁeld at the point source which in the
test is 3×10−4 V/m. The simulation contains 100 grids cells
in the x-, y-, and z-directions.
Figure 2 shows a snapshot of the result in 3-D. It gives an
example of electric and magnetic ﬁeld lines in the simulation
box at t=1.12ms when the em-wave ﬁlls the whole simula-
tion box. As can be seen in Fig. 2, the solution is symmetric
about the z-axis including circular magnetic ﬁeld lines about
the z-axis and toroidal-like electric ﬁeld lines around B-lines,
as the analytic solution suggests (see e.g., Alonso and Finn,
1980). The phase speed of the wave is the speed of light,
the wavelength is λem and the ratio of the maximum electric
ﬁeld and the maximum magnetic ﬁeld, max(E)/max(B), is
the speed of light, implying that the propagating disturbance
is an em-wave. The test suggests that the derived HYB-em
model is anticipated to be able to capture basic properties of
the 3-D em-wave in the HYB model platform.
3.2 Propagation of a plane wave
In the second set of runs an oscillating plane source is ﬁrstly
placed into the vacuum at x=0 plane. The size of the sim-
ulation box at all three plane wave runs is −2500km<x <
2500km and −50km<y,z<50km, that is, 500 grid cells in
the x-direction and 10 cells in the y- and z-directions. The
size of the simulation box in the x-direction is, therefore,
about the same as the x-scale in the other hybrid HYB runs
shown in Fig. 1. The source is a plane where the value of the
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Fig. 3. Plane wave runs in the HYB-em model: The magnetic ﬁeld. The oscillating plane source is located at x=0 and its frequency is
1.5kHz. The colors in panels (a–c) show the z component of the magnetic ﬁeld from −1×10−12 T(=−1pT) to 1×10−12 T(=1pT) at
t=6.96ms, i.e. just before the plane wave reaches the faces of the simulation box at x=±2500km. In all panels the horizontal axis is the
x-axis from −2500km to +2500km, and the vertical axis corresponding to the z-axis from −50km to +50km. The magnetic ﬁeld is derived
at the y=0 panel. Panel (a) shows the electromagnetic plane wave in a vacuum. In panels (b) and (c) the simulation box was ﬁlled initially
with the plasma of electron density of ∼0.016cm−3 and ∼0.021cm−3, respectively.
magnetic ﬁeld was varied manually as
B(t)=(Bx,By,Bz)=Bo×(0,0,sin(2π(t/T))) (17)
The amplitude of the magnetic ﬁeld, Bo, is taken to be
0.001nT (=1pT). Periodic boundary conditions are imple-
mented both for the plasma and the ﬁelds at z=±50km faces.
The electromagnetic wave is shown at t=6.96ms when the
wave does not ﬁll the whole simulation box and the wave is
still approaching the ±x faces of the simulation box.
The plane wave runs are performed both for a vacuum
situation and for a situation where the simulation box con-
tains an electron-proton plasma. Figure 3a shows the result
based on the ﬁrst plane wave test when the source is in a vac-
uum. We learn from Fig. 3a, that the HYB-em model pro-
duces successfully a plane wave in a vacuum with the correct
wavelength, that it keeps the wave amplitude practically un-
changed while the wave is propagating along the x-axis, and
that the wave propagates away from the source with speed of
the light. In this run, the value of max(E)/max(B) is close
the speed of light, providing a further evidence that the prop-
agating disturbance is an electromagnetic wave.
In the second and third plane wave runs the simulation
box is ﬁlled with plasma. The plasma contains an equal
amount of H+ ions and electrons. The ions and electrons
are initially at rest, that is, their bulk velocity and tempera-
ture are zero. The initial positions are chosen randomly in
the simulation box. There are on average 30 macro parti-
cles per grid cell. In the second plane wave run the electron
density is 15505m−3, i.e. ∼0.016cm−3. This corresponds
to the electron plasma frequency, fpe=
p
e2ne/(meεo)/(2π)
(∼8.98kHz
√
ne where ne is unit of cm−3), of 1.118kHz. In
the third plane wave run the electron density is increased to
20932m−3 (∼0.021cm−3) which corresponds to a fpe of
1.299kHz.
Figure 3b shows that also in this run the wave is propagat-
ing into the plasma with approximately constant wavelength
and amplitude. However, we see that the wavelength is now
longer than in the vacuum case (cf. Fig. 3a). Moreover, when
the electron density is increased even more in the third run
(Fig. 3c) the wavelength is increased once again.
In Fig. 4 the variations of the plasma parameters are
shown. We learn the following from Fig. 4a. The electron
density and the proton density are ﬁrstly quite similar in the
whole simulation box, that is, both near the source where
the wave is fully developed and near the ±x faces where the
plasma is still practically undisturbed. Secondly, the veloc-
ity of electrons are much higher than the velocity of ions
the maximum velocity ratio max | Uy(e−) |/max | Uy(H+) |
being about the same as their mass ratio mp/me (∼1863).
Thirdly, the solution seen in Fig. 4b resembles qualitatively
the solution of the second plane wave run (Fig. 4a) but a sim-
ilar kind of increase in the wave length of the disturbances in
the plasma parameters can be identiﬁed, as in the magnetic
ﬁeld.
The wave length continues increasing when the electron
density is increased even more(ﬁgures not shown). But
when the electron density was increased to 27901m−3
(fpe=1.5kHz) and in the runs when the density is even
higher, the solution started to change dramatically: the wave
does not any more propagate properly away from the plane
source, but it looks like part of the wave is reﬂected back
from the plasma toward the plane source ﬁnally destroying
the run (ﬁgures not shown).
One may try to understand the results of the plane wave
runs in Figs. 3 and 4 by comparing them to results given
by the linear theory of electromagnetic waves in non-
magnetized plasma. One may, indeed, expect this theory
to give a ﬁrst order approximation to the results in the runs
because the theory is based on the following assumptions
which are good approximations also in the analyzed runs (cf.
Fig. 4): (1) the density of plasma is near its initial value,
(2) the velocity of electrons aremuch higher thanthe velocity
of ions. In this kind of situation the electrons carry the elec-
tric current, that is, j ∼ eno(e−)U(e−),where no(e−) is the
initial electron density. In other words, the wave frequency
is so high that the plasma ﬂuctuations are mainly associated
with electron velocity ﬂuctuations.
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Fig. 4. Plane wave runs in the HYB-em model: Plasma parameters. In panel (a) the initial electron density in the simulation box was
∼0.016cm−3 and in panel (b) it was ∼0.021cm−3. The axes are as in Fig. 3: The horizontal axis is the x-axis from −2500km to +2500km,
and the vertical axis from −50km to +50km. The values are created at the y=0 plane. The oscillating plane source is positioned at x=0
and its frequency is 1.5kHz. The values correspond to the situation at t=6.64ms. In panel (a) the tables from top to bottom are: Bz from
−1×10−12 T to 1×10−12 T, the velocity of electrons in the y-direction (Uy(e)) from −10km/s to 10km/s, the electron density (n(e)) from 0
to 0.03cm−3, the velocity of protons in the y-direction (Uy(H+)) from −5m/s to 5m/s and the proton density (n(H+)) from 0 to 0.03cm−3.
In panel (c) the initial electron density was increased to 0.021cm−3. Tables from top to bottom are: Bz from −1×10−12 T to 1×10−12 T,
Uy(e) from −10km/s to 10km/s, n(e) from 0 to 0.04cm−3, Uy(H+) from −5m/s to 5m/s and n(H+) from 0 to 0.04cm−3. In both panels
the color map on the right hand side is a linear color map from the minimum value (min) of the variable to the maximum value (max) of the
variable.
The linear theory shows that the dispersion relation of high
frequency em-waves is (see e.g., Schunk and Nagy, 2004)
ω2 =ω2
pe+c2k2 (18)
where ω=2π/T is the angular frequency of the wave, ωpe
is the electron plasma frequency, c is the speed of light and
k=2π/λ is the wave vector, where T and λ are the wave pe-
riod and wave length, respectively. The wave length of a
propagating wave is therefore
λ=2πc/
q
ω2−ω2
pe =c/
q
f 2−f 2
pe. (19)
According to Eq. (19) the wavelengths in the three cases
shown in Fig. 3a (vacuum), 3b (fpe=1.118kHz) and 3c
(fpe=1.299kHz) are 200km, 300km and 400km, respec-
tively, which are relatively good approximations for the sim-
ulated wave lengths. The dramatic change of the character-
istics of the em-wave in the runs where the electron density
exceeds 27901m−3 can also be understood on the basis of
Eq. (18). In these densities the electron plasma frequency is
higher than the frequency of the plane source resulting in the
damping of the wave and reﬂection of the wave energy back
against the plane wave source.
4 Discussion
This paper describes a fully kinetic electromagnetic model
developed for planetary space plasma physical research,
aimed especially to study instabilities and electromagnetic
waves. Space plasma environments which are natural tar-
gets for the forthcoming work based on HYB-em are the
plasma environments of Mercury, Venus and Mars. The goal
of the work is to develop a fast, robust, well tested numeri-
cal 3-D model for both basic plasma physical research and,
especially, to (1) interpret the ongoing plasma and ﬁeld ob-
servations at Mars and Venus by the Mars Express and the
Venus Express missions and to (2) analyze physical pro-
cesses which will be measured at Mercury by BepiColombo
mission.
The newly developed HYB-em model is based on the pre-
existing HYB models. HYB-em is consequently built on a
platform which is robust, computationally effective and well
tested due to a ten year long development and testing pe-
riod of the HYB platform. Another important advantage of
this close relation to the earlier HYB models is that self-
consistent initial 3-D plasma and ﬁeld values obtained from
the other global HYB models can automatically be adopted
as inputs to HYB-em. In addition, all physical processes in
a multi ion species plasma that are currently implemented
on the HYB platform, such as ion-neutral collisions, electron
impact ionization, charge exchange processes and photoion-
ization are automatically available also in HYB-em.
Electromagnetic waves provide one natural class of phys-
ical phenomena that can be studied with HYB-em. Wave
phenomena in space plasmas contain an extremely rich set
of physical processes. This is partly due to the fact that the
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interactionbetweenplasmasandem-wavesisacomplexmat-
ter and partly due to that the properties of the plasma envi-
ronments vary substantially in the Solar System in terms of
the plasma density, strength of the magnetic ﬁeld and by the
density of neutral particles. Waves also carry electromag-
netic energy which can be transferred onto the particles and
vice versa. Wave phenomena is a subject of continuous in-
terests in space plasma physics and the Solar System objects
are under the inﬂuence of the supersonic and super-alfvenic
ﬂow of the solar wind.
Modeling of em-waves in planetary plasma environments
has a long history but it is still a challenging task because
properties of the waves depend on the properties of the
plasma (density, velocity and temperature), the magnetic
ﬁeld (its strength and the direction of the wave with respect
to the direction of the magnetic ﬁeld), possible collisions of
charged particles (with charged particles or neutrals), how
the wavelength is related to the characteristic length scales
in the plasma (especially, to the Debye length), how the fre-
quency of the wave is related to the characteristic time scales
in the plasma (e.g. plasma frequencies, collision frequencies
and gyro frequencies) as well as the electric properties of the
solid objects in the plasma (Mercury, asteroids etc.). The
developed HYB-em model has a potential to study all these
complicated plasma physical processes.
5 Summary
A fully kinetic electromagnetic particle model has been de-
veloped to study planetary plasma environments. The three-
dimensional (3-D) model, HYB-em, can be used in conjunc-
tion with a 3-D hybrid model which is developed to study
how the solar wind interacts with various Solar System ob-
jects. The preliminary studies made by the HYB-em model
suggest that the concept is mature in the HYB model plat-
form and that it can be used to interpret ongoing plasma and
ﬁeld measurement at Mars and Venus and the forthcoming
measurements at Mercury.
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